Summary.
The mechanism of follicle-like cavity formation from a monolayer of porcine thyroid cells grown in a collagen sandwich was studied.
When porcine thyroid cells cultured in a monolayer on the type I collagen gel are overlaid with a second layer of collagen, changes occur in the polarity and arrangement of the cells. After 1 day of culture in the collagen sandwich, some cells in the monolayer proliferate, migrate and form two cell layers.
The cell surfaces in contact with the upper or lower collagen gels always show basal characteristics.
The primitive follicle lumen sealed by the zonula occludens first appears between two adjacent cells in a monolayer, or between the cells of the upper layer and those of the lower layer.
Within 2 days of incubation, the cultured thyroid cells form rather flattened follicle-like cavities, even in the absence of TSH.
Proliferation of the cells surrounding the lumen and luminal fusion would contribute to the development of such cavities.
Bundles of numerous filaments are located along the apical and basal plasma membranes, and microtubules are markedly developed in the cytoplasm.
The formation of the follicle-like cavities is inhibited by colchicine, suggesting the involvement of microtubules in the lumen-forming process. Immunohistochemistry shows that thyroid cells cultured in the collagen gel preserve the ability for thyroglobulin synthesis and basal lamina formation.
It is well known that collagen, a major component of the extracellular matrix, induces the tissue organization of cultured cells. For instance, cells isolated from cavitary organs such as mammary epithelial cells (YANG et al., 1979) , submandibular epithelial cells (YANG et al., 1982) , Madin-Darby canine kidney (MDCK) cells (HALL et al., 1982) , and capillary endothelial cells (MONTESANO et al., 1983) reconstitute cavitary structures when they are cultured in a three-dimensional collagen gel. As for the thyroid gland, CHAMBARD and his co-workers (1981) reported that thyroid follicular epithelial cells as well reconstitute the follicular structure when they are cultured in a collagen gel. However, the mechanism and intricate process of lumen formation by the epithelial cells have not yet been described.
The present paper explicates the fine structural process of the formation of the follicle-like structure in monolayered thyroid epithelial cells cultured in a medium containing collagen type I gel.
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MATERIALS AND METHODS
Isolation and culturing of thyroid cells Porcine thyroid glands, obtained at a local slaughterhouse, were cut into small pieces in an ice-cold Hanks' balanced salt solution (BSS) containing antibiotics. After washing in the cold Hanks' BSS, the minced tissues were incubated in an Eagle's minimum essential medium (MEM) containing 0.1% collagenase (Cooper Biomedical, type II) for 2 hr at 3TC, followed by incubation in a Cat-and Mg2+-free phosphate buffered saline solution (PBS) containing trypsin (0.2%) and EDTA (0.02%) for 30 min at 3TC. The tissues were sifted with a Cellector tissue sieve (Be11co, mesh size 280 ,um) and isolated into single cells by gentle pipetting. After repeated washings by centrifugation, the isolated cells were suspended in the Eagle's MEM supplemented with 10% heat-inactivated fetal calf serum (FCS),15 mM HEPES,100 U/ml penicillin, 100 jig/ml streptomycin and 0.25 ,ug/ml amphotericin B. The cell suspension was plated in plastic culture dishes (Falcon) of 60 mm diameter, and incubated for 1 week at 37°C in a 5% C02/95% air, water-saturated atmosphere. The monolayered epithelium was formed on the culture dish.
Preparation of collagen gel Eight vol. of the ice-cold 0.3% type I collagen solution (Cellmatrix type I-P; Nitta Gelatin Co. Ltd., Osaka, Japan) was mixed with 1 vol, of 10 fold-concentrated MEM and 1 vol, of buffer solution containing 0.05 N NaOH, 0.26 M NaHCO3 and 200 mM HEPES. FCS and antibiotics were also added as above. One ml of the cold collagen mixture was plated in each culture dish of 35 mm diameter and allowed to gel at 3T C in a water-saturated incubator.
Cell culture on collagen gel The thyroid cells maintained for 1 week in a monolayer were isolated again by treatment with the same trypsin solution for 15 min at 3TC, and suspended at a concentration of 106 cells/ml in Eagle's MEM as mentioned above, after washing several times by centrifugation. Two ml of the cell suspension was plated on each collagen-coated dish and incubated in the same way to form a monolayer on the collagen gel.
Collagen overlaying on the monolayer After 4 days of culturing on the collagen gel, the medium on the surface of the monolayer was removed, and 1 ml of the cold collagen mixture mentioned above was overlaid. The culture medium was then added over the collagen after 1 hr of incubation, when gelling was completed. Monolayered cells were cultured between the two collagen layers, i.e., in the collagen sandwich remaining attached to the culture dish for 1, 2, 3, 5, and 10 days in the same atmosphere. Some dishes were supplemented with a culture medium containing 10 /1g/ml insulin, 5 ,ug/ml dexamethazone and 5 mU/ml thyroid stimulating hormone (TSH), and incubated for 3 weeks (the gel being released from the culture dish 1 week after collagen overlaying and allowed to float in the new medium containing the agents for 2 weeks). The medium was changed twice a week.
Treatment with colchicine
In order to examine the role of microtubules in luminal formation, some dishes were supplemented with a culture medium containing 10-5 M colchicine on the collagen sandwich, and incubated for 2 or 5 days.
Light and electron microscopy Cultured specimens were fixed in situ in 2.5% glutaraldehyde solution buffered at pH 7.4 with Millonig's phosphate at 4°C overnight. For processing convenience the collagen sheet containing cells and tissues were cut into small pieces (3 x 3 mm square) and then postfixed in 1% 0504 in 0.1 M Millonig's phosphate for 1 hr at 4°C. The small specimens were stained en bloc in 3% uranyl acetate for 30 min at room temperature, dehydrated in a graded series of ethanols, and embedded in Epon epoxy resin. Thin sections, cut perpendicularly to the culture plane, were stained with uranyl acetate and lead citrate, and examined in a Hitachi H-500 type or a JEOL 1200 EX type electron microscope. Semithin sections were stained with toluidine blue and examined with a Zeiss photomicroscope III.
Autoradiography
In order to examine the participation of cell division in the luminal formation, 25 ,uCi of [3H] -thymidine was added to each overlaid collagen gel. After 1 or 2 days culture, the specimens were processed as above, and embedded in Epon epoxy resin. Thin sections and semithin sections, mounted on copper grids and glass slides respectively, were coated with Ilf ord L4 emulsion, and exposed for about 4 weeks at 4°C. They were developed in Microdol X and fixed with 20% sodium thiosulfate. The thin sections were then stained with uranyl acetate and lead citrate, while the semithin sections, with toluidine blue.
Immunohistochemistry
In order to detect the ability for thyroglobulin synthesis, basal lamina formation, and the distribution of actin in the cells, immunohistochemical methods were adopted. Those specimens cultured for 2 days (in the attached collagen gel without hormones) and 3 weeks (in the floating collagen gel with hormones) were fixed in 4% paraf ormaldehyde solution for 12 hr at 4°C, and rinsed in 10%, 15% and 20% sucrose-PBS solutions for 4 hr each. Cryosections of 5 ,um thickness were cut in a Leitz 1720 cryostat and mounted on glass slides. The sections were incubated with one of the following antibodies: rabbit anti-porcine thyroglobulin antibody (given by Dr. INOUE, Maebashi, Japan) (1: 500), rabbit anti-laminin antibody (E-Y Laboratories) (1: 50), or rabbit anti-actin antibody (given by Dr. SOBUE, Osaka, Japan) (1: 50) overnight at 4°C, and fluorescein isothiocyanate (FITC)-labeled goat anti-rabbit IgG (Miles Scientific) for 1 hr at room temperature. Control sections were incubated with normal rabbit serum. The sections were examined with a Nikon Fluophoto microscope.
PAS staining
Parts of the specimens fixed in 4% paraformaldehyde were embedded in JB-4 (Polysciences, Inc.). Sections of 4 ,um thickness were cut to be stained by the periodic acid-Schiff method (PAS).
RESULTS
Monolayer on the plastic substrate ( Fig. 1) When the follicle epithelial cells of the thyroid isolated by enzymatic treatment were cultured on a plastic culture dish, they form, within 2-3 days of culture , a monolayer of flattened polygonal cells as reported by CHAMBARD et al. (1981) (Fig. 1) . In some parts of the monolayer, dome-like structures appear within 3-4 days of culture where the cell layer detaches from the culture dish (MAUCHAMP et al., 1979) . The cells in the monolayer show a distinct cell polarity.
The apical cell surface faces the culture medium, while the basal one is in contact with the surface of the plastic substrate . Microvilli are seen on the surface facing the culture medium, and the zonula occludens is located at the apical end of the lateral plasma membrane.
Monolayer on the collagen gel ( Fig. 2) When cultured on the collagen substrate, the isolated thyroid cells form a monolayer Fig. 1 . Electron micrograph of a monolayer derived from isolated porcine thyroid cells cultured for 1 week in a plastic dish. Notice the distinct cell polarity with microvilli protruding into the medium and the zonula occludens located at the apical end of the lateral plasma membrane.
The basal cell surface is in contact with the plastic substrate (P). x 5,400 Microvilli protrude into newly formed lumina. One cell (*) seems to be involved in the formation of two follicle lumina.
x6,600 zonula occludens is located at the apical end of the lateral plasma membrane . The basal cell membrane, in contact with the collagen substrate , sometimes is undulated and issues cytoplasmic processes. Numerous microfilaments and intermediate filaments form bundles and run in the apical and basal areas of the cytoplasm along both plasma membranes.
Microtubules are also common . The cytoplasm is rich in free ribosomes, while the elements of rough endoplasmic reticulum are poorly developed. If the collagen is not overlaid, the thyroid cells on the collagen gel remain in the monolayer, and fail to form a follicle-like cavity after 1 week of culture.
Lumen formation in the thyroid epithelium cultured in the collagen sandwich (Fig. 3-11) After 1 day of culture in the collagen sandwich, flattened epithelial cells in the monolayer become slightly cuboidal in shape and their arrangement is altered (Fig . 3) . Mitotic figures of the epithelial cells are frequently seen (Fig . 3) . Some of the monolayered epithelial cells occasionally bulge migrating under the lower surface of the upper collagen substrate to overlay the original cell layer (Fig. 5) . The cells then become double layered in some sections, though they remain monolayered in other parts (Fig. 5) . In the epithelium of the two layers, the basal pole of the overlying cells faces the upper medium containing collagen, and their apical surface is situated opposite that of the original (underlying) epithelial cells. Cell migration as well as cell division might greatly contribute to the formation of the two cell layers. The primitive follicular lumen sealed by the zonula occludens appears between two adjacent cells in the monolayer (Fig. 4) , or between a cell of the upper layer and one of the lower layer (Fig. 6 ). In the former case, the original apical surfaces of the monolayer cells lose microvilli and come to show basal characteristics, while the surface facing the primitive follicle lumen protrudes microvilli into the newly formed lumen and displays x6 ,100 apical characteristics (Fig. 4) . Well-developed cytoskeletal elements such as microfilament bundles running along the plasma membrane and microtubules in the cytoplasm can be observed (Fig. 7) . Segments of the basal lamina are recognized as discontinuous dense lines at the basal cell surface.
They are located not only in the smooth areas but also in the undulated parts of the basal plasma membrane (Fig. 8) .
Within 2 days of culture in the collagen sandwich, the thyroid cells form into two cell layers in many parts, and large follicle-like cavities may be seen between these cell layers (Fig. 10, 11) . Mitotic figures are sometimes found also at this stage. When the monolayer is overlaid for 2 days with a collagen gel containing [3H]-thymidine, over half of the cells in the two cell layers are found to be labeled by autoradiography ( Fig.   12 13 Fig. 12 . Light micrograph of follicle-like cavities with round or oval profile after 3 weeks of culture in a floating collagen sandwich with TSH, insulin and dexamethazone. x 480 Fig. 13 . A follicle-like cavity (L) containing an electron dense material cultured for 3 weeks in a floating collagen sandwich (C) containing TSH, insulin and dexamethazone. The lumen sometimes contains cell debris.
x 10,000 9). The polarity in the cells lining the cavity is the same as that in the thyroid follicles in vivo. The apical surface facing the lumen bears microvilli , while the basal surface is always in contact with the collagen substrate (Fig. 11) . A Golgi apparatus is usually located in the supranuclear region. Bundles of numerous filaments run along the apical as well as the basal plasma membranes.
Microtubules and intermediate filaments are also distributed in the cytoplasm.
At 2 days of culture , cell debris is often recognized in the lumen, but colloid-like material can hardly be seen by either light or electron microscopy.
After 3 days of culture in the sandwich of collagen substrates, the lumina enlarge and flatten.
The luminal structure is somewhat different from that of the thyroid follicle in vivo. The lumina are larger in size , lower in electron density and more flattened in shape as compared with those in vivo . Three weeks of culture in the collagen sandwich ( Fig. 12-16) When the tissues cultured for 1 week in the collagen sandwich are allowed to float in the medium containing insulin, dexamethazone and TSH for 2 weeks, large flattened cavities containing much cell debris are noticed.
In addition, follicle-like lumina, round or oval in profile, are often seen. Some of them contain colloid-like dense materials observed by light and electron microscopy ( Fig. 12, 13 ). They contain a PAS-positive material in the lumina and PAS-positive granules in their cytoplasm (data not shown). Immunohistochemistry demonstrates the presence of thyroglobulin in pattern similar to the PAS-positive material (Fig. 14) . After 3 weeks of culture, the basal lamina can be observed in a continuous linear pattern by immunohistochemical study at the basal surface (cell-collagen interface) of the two cell layers surrounding the cavity (Fig. 15) . Actin can be demonstrated immunohistochemically in the apical and basal regions of the cell, corresponding to the filament bundles (Fig. 16) .
Effect of colchicine on lumen formation (Fig. 17) When the thyroid cell monolayer is cultured in the sandwich of collagen gel with an overlaid culture medium containing 10-5 M of colchicine for 2 days, most cells remain in a monolayer and do not form any large cavities (Fig. 17) , though double cell layers do form in some areas. Microtubules are not visible in the cytoplasm of these cells, while filament bundles along the plasma membrane are well preserved.
DISCUSSION
Many studies are available concerning thyroid folliculogenesis. HILFER (1964) , and FuJITA and TANIZAWA (1966) described how a primitive follicle lumen sealed by tight junctions appears between two thyroid cells in 8-day-old chick embryos. ISHIMURA Microtubules are not visible in cytoplasm, though filament bundles (arrows) are present along the plasma membrane.
x8,700
and FUJITA (1979) observed by a freeze-fracture method that the primitive follicle lumen is formed in the region of focal tight junction (macula occludens) between two adjacent epithelial cells. As for in vitro experiments, CAU and his co-workers (1976) reported that the follicle lumen appears in the intercellular space between two thyroid cells. On the other hand, REMY et al. (1977) suggested that the follicle lumen results from the coalescence of several intracellular follicle-like cavities.
Later, however, REMY et al. (1980) confirmed the descriptions by HILFER (1964) and TANIZAWA (1966) , in reporting that the follicle lumen originates from the intercellular space in the rat thyroid in vivo, and that intracellular cavities result from a TSHinduced acceleration of vesicle coalescence before they reach the contact zones of the plasma membrane (REMY et al., 1983) .
In the present study, type I collagen was used for the culture substrate as it seems to offer an environment more similar to that in vivo than does a suspension culture. Isolated thyroid cells form a monolayer and show distinct polarity when they are cultured on the type I collagen substrate.
The cell surface which is in contact with collagen shows characteristics of the basal pole, as CHAMBARD et al. (1981) reported. RoDRIGUEZ-BoULAN and his co-workers (1983) reported that the cell-collagen contact triggers the polarized budding of viruses when Madin-Darby canine kidney (MDCK) cells are infected with enveloped viruses such as influenza and vesicular stomatitis viruses.
Thus, cell-collagen contact determines the basal pole, and induces the structural and functional polarity expressions of the epithelial cells. Though how collagen interacts with the cell membrane is still unknown, RUBIN and his co-workers (1981) suggested that collagen receptors dispersed throughout the whole cell surface of the isolated cells gather in the contact region by lateral diffusion when attached to the collagen. SUGRUE and HAY (1981) and HAY (1984) reported that the extracellular matrix molecule including collagen induces the reorganization of the cytoskeleton through its binding sites on the cell surface, and is involved in the epithelial morphogenesis.
It has been shown that the cell polarity of isolated thyroid follicles obtained by the enzymatic digestion of collagen is inverted when they are cultured in a medium containing 5-10% fetal calf serum (NITSCH and WOLLMAN,1980; GARBI and WOLLMAN,1982; MIYAGAWA et al., 1982 MIYAGAWA et al., ,1983 KITAJIMA et al., 1985) . In this case, the microvilli and the zonula occludens move to the culture medium side. GARBI and his co-workers (1984) reported that an isolated thyroid follicle embedded in collagen gel preserves its normal polarity.
The inverted thyroid follicles cultured inside collagen gel revert to normal follicles (CHAMBARD et al., 1981 (CHAMBARD et al., , 1984 , or form compact spheroids with small lumina (GARBI et al., 1986) . In all cases, including our results, the cell surfaces in contact with collagen lose microvilli and turn basal. This indicates that collagen in contact with the basal cell surface is an important element for keeping normal cell polarity, and suggests that the apical surface may possess receptors or binding sites for collagen.
When the thyroid cells in a monolayer on the collagen gel are overlaid with the second layer of collagen, then both cell surfaces in contact with the collagen show basal characteristics, so that the new apical surfaces seem to be formed between two adjacent cells: the primitive follicle lumen thus appears between two adjacent cells in a monolayer or between the upper and lower cells in double cell layers.
Monolayer cultures of thyroid cells reorganize into a follicle-like structure by the addition of TSH (KERKOF et al., 1964) ; it has been suggested that the folliculogenesis of cultured thyroid cells requires TSH. MAUCHAMP et al. (1979) and INouE et al. (1980) reported that isolated thyroid cells cultured in suspension form pseudofollicles with reversed cell polarity in the absence of TSH, while they form true follicles with normal polarity in the presence of TSH. In our previous study (MIYAGAWA et al., (1983) , the reversed follicle did not become a normal follicle in cell polarity even when TSH was added. The present study also shows that TSH is not essential for the formation of the primitive follicle lumen.
By [3H] -thymidine autoradiography, over half of the cells in the upper and lower cell layers were labeled within 2 days. Furthermore, colchicine treatment, which inhibits cell division, can also prevent the formation of large follice-like cavities. These findings suggest that cell proliferation would contribute not only to the formation of two cell layers but also to the development of a follicle-like cavity after the primitive follicle lumen is formed. The fusion of the small lumina with each other would also give rise to the enlargement of the lumen, as described by HILFER (1964) and TANIZAWA (1966) in vivo. The profile of the follicle-like cavity as described above eventually resembles that observed by HALL et al. (1982) in MDCK cells and by MONTESANO et al. (1983) in capillary endothelial cells. This fact suggests that the mechanism of cavity formation as shown above in the thyroid gland would be common in the reorganization of cultured cells from various cavitary organs.
Immunohistochemistry and PAS staining show that the lumen formed in the collagen gel and the intracellular granules appearing in the cells surrounding the cavity are positive for thyroglobulin. These findings indicate that thyroglobulin synthesis could take place when the isolated thyroid cells are cultured Jn the collagen gel. As for the basal lamina formation of cultured thyroid cells, ALQUIER et al. (1979) described it as requiring interaction with mesenchyme cells, especially with the fibroblasts. Our results, however, show that neither TSH nor fibroblasts are necessary for the formation of the basal lamina if collagen gel is added in the culture medium. FUJITA et al. (1984) demonstrated by immunohistochemistry that actin is localized in the apical cytoplasm of rat thyroid cells in vivo. In this study, microfilament bundles were found at both apical and basal ends of the cultured monolayer or follicle cells along both cell membranes, respectively. According to SPOONER and WESSELLS (1972) , the morphogenesis of the salivary gland epithelium results mainly from the contraction of microfilament bundles located at the apical as well as the basal cytoplasm. The microfilament bundles might be involved in the lumen formation in the collagen gel, though the mechanism for this is still unknown. In addition, microtubules are well-developed in the cytoplasm of the cells surrounding the lumen. PlC et al. (1984) demonstrated that anticytoskeletal agents such as cytochalasin B and colchicine inhibit f olliculogenesis in the organ-cultured rat fetal thyroid, and that folliculogenesis requires the integrity of both microfilaments and microtubules. The present study also indicates that colchicine treatment inhibits the formation of large lumina, though small cavities are occasionally formed between two cells of the double cell layers. This finding could be attributed to the inhibition of cell proliferation, as well as to the inhibition of vesicle transport by colchicine as suggested by PIC et al. (1984) . 
